line (PBS, pH 0 7.4). This immobilization method provides a tight streptavidin layer with uniform density on gold for efficient binding of biotin. All of the nonspecific binding sites were blocked with bovine serum albumin (BSA). For detection experiments, the functionalized microcantilevers were exposed to target biotin concentrations (in PBS) of 100 fg/ml, 100 pg/ml, and 100 ng/ml.
MOSFET transistors were passivated with a thin coating of silicon nitride (30 nm), and electrical contacts were isolated for the binding measurements in the fluidic environment. The measured drain current (I D ) versus drain voltage (V D ) characteristics for the n-MOSFETembedded transistor, at gate voltage V G 0 5 V, show a negligible change in I D (Fig. 4A) when the streptavidin-immobilized gold microcantilevers are immersed in PBS. Microcantilever bending as a result of streptavidin-biotin binding leads to decreases in I D as the concentration of biotin increases from 100 fg/ml to 100 ng/ml. The bending results from an increase in compressive stress, which in turn results from the repulsive electrostatic or steric intermolecular interactions (2) (3) (4) (5) (6) or from changes of the hydrophobicity of the surface (1) (2) (3) (4) (5) (6) . No drain current change was seen in SiN x cantilevers with biotin, where no binding events occurred.
Similar experiments were performed for detection of goat antibodies Esecondary immunoglobulin G (IgG)^by rabbit antibodies (primary IgG) with the embedded MOSFET. After the cleaning procedure, the MOSFET-embedded microcantilevers were first functionalized with DTSSP as a linker and then incubated overnight in rabbit IgG (0.1 mg/ml, Pierce) prepared in PBS for immobilization. BSA was again used as an agent to block nonspecific binding sites. The functionalized microcantilevers were exposed to goat antibody to rabbit IgG (0.1 mg/ml in PBS) for binding experiments.
The measured I D versus V D characteristics for V G 0 5 V (Fig. 4B ) again showed no change in the drain current for the SiN x cantilever and negligible change for the gold-coated cantilever with rabbit IgG immersed in PBS. When goat antibody to rabbit IgG (0.1 mg/ml) was introduced, a change in I D of almost two orders of magnitude was observed, which is indicative of microcantilever bending as a result of antibodysecondary antibody binding. The SiN x reference cantilever remained the same after injecting the target. The large change in I D with time is shown in Fig. 4C ; steady-state saturation is achieved when molecular and surface interactions are completed.
The MOSFET detection method offers a number of advantages over traditional piezoresistive or capacitive sensor elements because of its small size, high sensitivity, and uncomplicated current measurement as well as its full and seamless compatibility with direct monolithic integration for application-specific integrated circuits. Moreover, the small channel lengths of MOSFET devices provide more localized stress measurements.
MOSFET-embedded microcantilever detection should allow for massively parallel on-chip signal sensing, multiplexing, and remote addressability via on-chip integration of radio-frequency elements as well as photovoltaics for local power supply.
Broadband Cavity Ringdown Spectroscopy for Sensitive and Rapid Molecular Detection
Michael J. Thorpe, Kevin D. Moll, R. Jason Jones, Benjamin Safdi, Jun Ye* We demonstrate highly efficient cavity ringdown spectroscopy in which a broad-bandwidth optical frequency comb is coherently coupled to a high-finesse optical cavity that acts as the sample chamber. 125,000 optical comb components, each coupled into a specific longitudinal cavity mode, undergo ringdown decays when the cavity input is shut off. Sensitive intracavity absorption information is simultaneously available across 100 nanometers in the visible and near-infrared spectral regions. Real-time, quantitative measurements were made of the trace presence, the transition strengths and linewidths, and the population redistributions due to collisions and the temperature changes for molecules such as C 2 H 2 , O 2 , H 2 O, and NH 3 .
T he real-time detection of trace amounts of molecular species is needed for applications that range from detection of explosives or biologically hazardous materials to analysis of a patient_s breath to monitor diseases such as renal failure (1) and cystic fibrosis (2) . Spectroscopic systems capable of making the next generation of atomic and molecular measurements will require the following: (i) a large spectral bandwidth, allowing for the observation of the global energy level structure of many different atomic and molecular species; (ii) high spectral resolution for the identification and quantitative analysis of individual spectral features; (iii) high sensitivity for the detection of trace amounts of atoms or molecules and for the recovery of weak spectral features; and (iv) a fast spectral acquisition time, which takes advantage of high sensitivity, for the study of dynamics.
Unfortunately, the characteristics of a good spectroscopic system are often in competition with each other. For example, designing a system with a large spectral bandwidth and high resolution (or high sensitivity) requires some way of selecting a narrow spectral band from a broad-spectrum source. Thus, modern spectroscopic methods, which are designed to meet two or three of the desired system characteristics with excellent performance, will function poorly in the remaining areas. Single-pass absorption techniques, such as Fourier transform infrared (FTIR) (3) and wavelength agile methods (4), do an excellent job of providing large bandwidths (up to several hundreds of nanometers) and achieve remarkably fast acquisition times by recording entire spectra in microseconds. But these techniques offer sensitivities that are many orders of magnitude too low for applications involving trace detection or observation of weak spectral features. Both of these techniques can achieve high resolution but at the cost of prolonged spectral acquisition times or reduced spectral bandwidths.
Cavity-enhanced techniques, such as noiseimmune, cavity-enhanced, optical heterodyne molecular spectroscopy (NICE-OHMS) (5, 6) and cavity ringdown spectroscopy (CRDS) (7), offer incredibly high sensitivities (10 j10 and beyond) at 1-s averaging time, and they can provide high resolution; however, they are generally limited to small spectral bandwidths (only a few nanometers). Newer approaches to cavity-enhanced spectroscopy have been directed at increasing the spectral bandwidth and reducing the acquisition time (8) (9) (10) (11) . Such efforts have demonstrated large bandwidths of up to 50 nm with an acquisition time of 2 s (10) and fast acquisition times of 1 ms for a bandwidth of 0.5 nm (11) . However, these methods have yet to demonstrate tens of nanometers of spectral bandwidth at millisecond acquisition times.
The broadband CRDS reported here addresses all of the mentioned system characteristics by efficiently coupling a broadband frequency comb into a high-finesse optical cavity to create the simultaneous ringdown decay of 125,000 individual cavity modes. We report a spectral bandwidth of 100 nm that is limited only by the bandwidth of a mode-locked femtosecond laser. A spectral resolution of 0.8 cm j1 was achieved, which can extract linewidths as narrow as 0.01 cm j1 (0.3 GHz) via measured pressure broadening of the spectral width of the gas target. An integrated absorption sensitivity of 1 Â 10 -8 at 1 s was achieved, and an acquisition time of 1.4 ms was realized for a spectral window of more than 15 nm. In principle, this acquisition time is limited only by the actual cavity ringdown time (several microseconds). We present measurements of several atomic and molecular species (Ar, C 2 H 2 , O 2 , H 2 O, and NH 3 ), revealing quantitative information about the gas concentrations, linewidths, collision rates, temperatures, and plasma dynamics.
Broadband CRDS differs from previously demonstrated CRDS methods in how the broadband frequency comb is coupled to the ringdown cavity and the way in which broadband ringdown events are detected. In general, CRDS is performed by overlapping the laser frequency to that of a cavity resonance, allowing light to couple into the cavity, with the resulting ringdown curve providing absorption information at the laser wavelength. In the broadband comb case, we simultaneously couple 125,000 comb components to their respective longitudinal cavity modes and subsequently provide separate detections of ringdown waveforms available from many parallel channels in a single transmitted beam.
In principle, the frequency comb and the cavity are a natural match. The regularly spaced resonant frequency structure of the comb provides the potential for coupling the entire incident power into the cavity over a large spectral bandwidth. In practice, such coupling is difficult to achieve. The frequency structure of the comb is given by the relation n n 0 nf rep þ f o , where the integer n refers to the nth mode of the comb and f rep and f o refer to the repetition frequency and the carrier-offset frequency, respectively (12) . To match this set of frequencies to a specific, regularly spaced set of cavity modes, both f rep and f o must be independently controlled (13) . For the titanium-doped sapphire (Ti:sapphire) oscillator we used, such control was achieved with several piezo-electric (PZT) and picomotor actuators that adjusted the length and dispersion of the laser cavity. f rep was controlled by adjusting the cavity length by using a combination of a picomotor for coarse adjustments and a PZT for fine adjustments. This combination can precisely adjust f rep by as much as 4 MHz. We controlled f o by tilting the high-reflecting mirror in the dispersive arm of the Ti:sapphire laser (14) . This mirror is mounted on two PZTs that are actuated simultaneously to rotate the mirror by a fraction of a degree ( T2 Â 10 -4 ). Rotating this mirror causes a differential change in the phase and group velocities of the light inside of the laser cavity, which can tune the value of f o across its entire range from zero to f rep . When the comb frequencies are matched to the cavity modes, successive laser pulses add coherently inside of the cavity, which enhances intracavity intensities and ringdown signals.
Independent control of both degrees of freedom of the comb is only half of the solution to the problem of coupling the comb to the cavity over a large spectral bandwidth. Dispersion in an optical cavity causes the cavity modes to be spaced nonuniformly, producing a cavity resonant frequency structure that the comb cannot match rigorously. All of the optical elements, including the intracavity gases under investigation, have dispersive properties that tend to make the cavity mode spacing nonuniform. Thus, we needed to construct a ringdown cavity that has the appropriate dispersion properties by using low-dispersion, broadband mirrors, and, depending on the gas pressure under investigation, a negative-dispersion mirror to compensate for the positive material dispersion introduced by the gas (15) . The high cavity finesse for enhanced detection sensitivities must be balanced with usable spectral bandwidth that can be coupled into the cavity for a given property of mirror dispersion. Higher reflectivity mirrors can provide a longer ringdown signal that leads to more sensitive detection, but they also reduce the cavity linewidth, such that a smaller amount of uncompensated dispersion will limit the bandwidth of the comb that can be coupled into the cavity. We used mirrors with reflectivity 90.999 between 790 and 850 nm that maintained the cavity dispersion at G10 fs 2 , which allowed for the simultaneous coupling of the comb components into the cavity over this entire wavelength range. Outside of this wavelength range, the nonuniform structure of the cavity modes limits the single-shot detection bandwidth, although it never falls below 15 nm over the entire laser spectrum.
For Fig. 1 . A detailed model of the ringdown system was created that included cavity buildup affected by the intracavity absorption, ringdown time, the line shape and transition strength of the molecular resonance, and filtering effects of the monochromator. By using this model, we calculated and compared the ringdown signal due to a molecular resonance of fixed transition strength and three different Lorentzian linewidths (Fig. 1A) . (Fig. 1B) assumes perfect coupling of the comb modes to their respective cavity modes in the absence of absorption.
These simulations show that the broad resonance 1 results in less intracavity buildup intensity and a faster ringdown time, whereas the narrow resonance 3 yields more buildup and a longer ringdown time (Fig. 1C ). This effect depends on the number of cavity modes that interact with the molecular absorption and the strength of the interaction. For resonance 3, only a few cavity modes interact with a strong molecular absorption, causing these modes to build up much less and ring down much faster than the majority of other modes inside the detector window. Hence, the contribution of the interacting modes to the overall ringdown signal is small in amplitude and decays away quickly relative to the noninteracting modes. In contrast, resonance 1 allows many modes to interact with the same molecular absorption feature. Here the buildup and ringdown of the interacting modes is not diminished as much relative to the noninteracting modes. Thus, a large contribution to the overall ringdown signal was made by modes that interacted with the molecular absorption.
This type of analysis allows for the determination of the linewidth of a resonance with a resolution much higher than the actual resolving power of the spectrometer. This same analysis can be used to determine the transition strength of molecular transitions by varying the concentration of the gas sample. Finally, if both the transition strength and linewidth for a particular resonance are unknown, they can be determined by using this method of studying the ringdown signal under various target gas concentrations and buffer gas pressures.
For the experimental setup, we used a modelocked Ti:sapphire laser that generates a train of È10-fs pulses with a repetition frequency ( f rep ) of 380 MHz and an average power of 300 mW. This femtosecond optical frequency comb was passed through an acousto-optical modulator (AOM), and the first order diffraction from the AOM (È150 mW) was coupled into a high finesse (F 0 4500) optical cavity where the ringdown spectroscopy was performed (16) . The free spectral range (FSR) of the cavity was 380 MHz, which matches that of the optical comb. With the AOM switched on and the comb components tuned to resonate with respective cavity modes, thousands of femtosecond pulses coherently add inside of the cavity. When the light inside of the cavity reached a preset intensity, the AOM was switched off and the intensity in each cavity mode began to decay (ring down). Light transmitted from the cavity (950% of the total incident power) was passed through a ¼-m monochromator with a spectral resolution of 25 GHz. The detection of ringdown events was performed by a detector placed at the monochromator output image plane. In cases where fast, broadband spectral acquisition was desirable, a streak camera detection scheme was used (17) . A scanning mirror was placed near the output image plane of the monochromator and was used to deflect the beam in the vertical direction. Spectrally dispersed wavelengths were recorded along the horizontal rows of pixels, whereas the ringdown waveform in the time domain was recorded on the vertical columns of pixels. The scanning mirror was operated at 355 Hz, allowing for the acquisition of a ringdown spectrum every 1.4 ms. The charge-coupled device (CCD) had 340 pixels in the horizontal dimension, allowing for a singleshot acquisition of 15 nm of spectrum at 25-GHz resolution.
The first molecular sample we studied with this system was acetylene (C 2 H 2 ). The linear rotor structure of C 2 H 2 results in a relatively simple spectrum (Fig. 2A) . The transitions in the u 1 þ 3u 3 overtone band originate from rotational levels in the vibrational ground state and are excited to the u 1 0 1, u 3 0 3 overtone band and DJ 0 -1 states (P-branch). The relative strengths of these transitions are described by a Boltzmann distribution S J º Jg i e jE J=k B T , where J is the rotational quantum number, g i is the nuclear spin degeneracy, E J is the energy of the Jth rotational level in the vibrational ground state, and k B T indicates the thermal energy of the gas (18) . The nuclear spin dependence arises from the fermionic nature of C 2 H 2 . As a result, symmetric spin states must be paired with antisymmetric rotational states and vice versa. Symmetric (ortho) spin states outnumber the antisymmetric spin states (para) by a ratio of 3:1, and the relative strengths of adjacent rotational transitions are similarly weighted.
A fixed C 2 H 2 pressure (2 torr) at fixed temperature (295 K) was maintained inside the ringdown cavity, and spectra were recorded while the pressure of an inert buffer gas (argon) was varied between 200 and 600 torr. Collisions between argon and C 2 H 2 increased the Lorentzian contribution to the Voigt line shape of the C 2 H 2 resonances, and this Lorentzian broadening of the C 2 H 2 resonances was detected as a decrease in the cavity ringdown time that results from the larger number of comb modes interacting with the molecular absorption ( Fig. 2A) . Changes in the Lorentzian linewidth as small as 200 MHz can be detected in this way, providing resolution that is two orders of magnitude better than that of the monochromator. The pressure broadening rate of the Lorentzian linewidth was linear in pressure. The half width at half maximum pressure broadening coefficients were plotted as a function of rotational level J (Fig. 2B) . The measured pressure broadening coefficients for the P-branch of the u 1 þ 3u 3 overtone of C 2 H 2 are in good agreement with measurements by Herregodts et al. (19) , which used continuous wave (CW) absorption techniques that required much more challenging frequency-referencing methods to achieve a similar level of precision.
The second molecule we examined was water (H 2 O). Between 780 and 850 nm, H 2 O has an enormous number of transitions corresponding to several vibrational modes and hundreds of rotational levels. Because of its complicated asymmetric top structure, the H 2 O spectrum has a highly irregular structure. However, this large range of transition frequencies makes it an ideal candidate to demonstrate the broadband and yet high-resolution characteristics of this method. The H 2 O spectrum was measured from 100 mtorr to 20 torr (relative humidities ranging from 0.5 to 90%). Both absolute pressure and partial pressure (mixed with argon) measurements were performed within this pressure range. The H 2 O overtone spectrum between 770 and 850 nm is shown in Fig. 3 for 10 torr of H 2 O and 600 torr of argon buffer gas. The inset identifies the rovibrational transition: (000) to (211) in vibrational quantum numbers (n 1 , n 2 , n 3 ) and (110) to (211) in rotational quantum numbers (J, k a , k c ) (20) .
To demonstrate fully the broadband nature of this system using the entire spectral bandwidth of the laser, the spectrum of an electric dipole forbidden electronic transition in O 2 ð X 3~j g Y b1~þ g Þ, where X indicates the electronic ground state, g (gerade) indicates even symmetry, and b indicates the excited electronic state. Overtone transitions of NH 3 were also detected, and the rotational lines were identified. For the O 2 measurement, the cavity was filled with 600 torr of air corresponding to a pressure of 124.8 torr of O 2 . For the NH 3 data, a partial pressure of 3 torr was used. Together, the H 2 O, NH 3 , and O 2 spectra presented in Fig. 3 demonstrate nearly the entire 100-nm spectral width that can be probed simultaneously with the current frequency comb-cavity system.
The final two measurements presented here aim to demonstrate the fast spectral acquisition time of this system. First, a single-shot measurement of the H 2 O spectrum was used to demonstrate the current limit on the spectral acquisition time. A second measurement was performed on discharged argon to demonstrate the fundamental limitation to the spectral acquisition time.
The H 2 O measurement was performed by recording single ringdown events without averaging. False-color CCD images of two of these single-shot ringdown events were recorded (Fig. 4, A and B) along with the processed data following the procedure described in (16) . The surface plot (Fig. 4C) shows that high resolution and a broad detection bandwidth were achieved in real time. The noise associated with this detection scheme allows for the detection of changes in integrated absorption (aL, where a is the absorption per unit length and L is the cavity length) of 2.5 Â 10 -5 using an integration time constant of 0.15 ms per CCD pixel. This corresponds to a detection sensitivity of 1 Â 10 -8 integrated absorption at 1-s averaging time. The 1.4-ms acquisition time is currently limited by the speed of the optical scanner. The fundamental time limitation for the acquisition of a ringdown spectrum is the cavity lifetime, which is on the order of a few microseconds.
The second real-time measurement, which was performed on a decaying argon plasma, demonstrated a measurement time scale approaching the cavity decay limit. A radio frequency (RF) discharge was used to create argon plasma inside of the ringdown cavity (21) . The RF source driving the plasma was rapidly switched, and a transition at 811.53 nm (Fig.  5, inset À Á 4s is a metastable state with a lifetime 91 s. However, at high temperatures inside the plasma, the metastable argon atoms decay via collisions with the walls of the optical cavity on the order of 10 ms.
When the RF discharge is turned off (at t 0 0 ms in Fig. 5 ), the excited dipole-allowed transitions quickly decay, whereas the metastable atoms decay more slowly. Initially, we observed this effect when a high-pressure argon discharge (4 torr) was established inside the cavity and a collection lens and fast photodiode were placed along side the plasma. The RF discharge was turned off and the spectrally unresolved plasma decay was observed in fluorescence (Fig. 5, red trace) , revealing a fast initial decay followed by the slower decay of the metastable states. The argon plasma pressure was then decreased to 100 mtorr (below the detection capabilities of the fluorescence measurement), and a cavity-based measurement was performed. Because the 811.53-nm transition is strong, a simple cavity transmission measurement was used to measure the decay of the 3s 2 3p 5 2 P 0 3= 2 À Á 4s state inside of the cavity. The sensitivity of the ringdown cavity is such that 100 mtorr of discharged argon was sufficient to reduce the cavity buildup to 5% of the empty cavity value. The blue dots (Fig. 5) show the intracavity absorption in the presence of metastable argon at 811.53 nm for various times before and after the RF discharge was turned off. The agreement in decay times recorded by the photodiode and the cavity measurement confirms that the long-lived decay seen by the photodiode is indeed due to the decay of the metastable states. The decay time of the metastable state was around 10 ms, whereas the cavity buildup and ringdown times were on the order of 3 ms. This experiment demonstrates that as spectral acquisition times approach the fundamental cavity decay limit, measurements of this type will be performed in a single shot.
A number of improvements can still be implemented to push the system performance to the fundamental limits. With higher resolution detection and by using the latest mirror technology, detection sensitivities of 10 j10 at 1 s can easily be achieved. The use of state-of-the-art mirrors that are more broadband and less dispersive also implies larger spectral bandwidths, up to several hundred nanometers. Mode-locked laser sources and detectors at spectrally important regions such as 1.5 mm are abundant. A larger (2 m) monochromator, although not an elegant solution, could bring the system resolution to a few gigahertz, and the comb structure would still allow for the investigation of linewidths on the 100s of MHz scale. A virtually-imaged phase array (VIPA) device (16) provides an even more attractive option (22) . Achieving resolutions of G1 GHz, these devices are very close to resolving individual comb modes. Once single-comb mode resolution is realized, the resolution of the system will be limited by the laser or cavity linewidths, which can be made very narrow. Finally, the use of diode array detection eliminates the need for fast scanning optics and data transfer, and it allows acquisition times to approach the fundamental cavity decay limit for the entire spectral bandwidth. 5 . Decay of hot metastable argon atoms inside of the ringdown cavity is measured by a high-plasma pressure (4 torr) fluorescence measurement and a lowpressure (100 mtorr) cavity transmission measurement. The cavity measurement has been scaled to overlap the fluorescence measurement to highlight the agreement in decay time. The decay time for the hot metastable argon is measured to be 10 ms by both methods. This measurement demonstrates that when the spectral acquisition time of CRDS is reduced to its fundamental limit, measurements such as the hot argon metastable decay will be made with high sensitivity and in a single shot.
